We investigated whether transmural mechanics could yield insight into the transmural electrical sequence.
Over the past decade, the concept of transmural dispersion of repolarization (TDRepol), or electrical heterogeneity, of the ventricular myocardium (1, 2) has provided a framework to understand normal and abnormal cardiac electrophysiology (3) (4) (5) (6) (7) . Nevertheless, it is still unclear whether TDRepol is present in vivo, where myocardial cells are electrically coupled (8) . Some studies suggest that there is no significant TDRepol in a healthy heart (9, 10) .
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Although the primary function of the heart is mechanical, little attention has been paid to mechanical correlation of TDRepol (11) , primarily because many studies of TDRepol were performed in vitro, using wedge preparations of perfused ventricular myocardium. Measurements pertaining to mechanical function in vivo might yield insight into transmural electrical sequence. Earlier studies suggest the presence of transmural dispersion of myofiber shortening (12) as well as myofiber relaxation (13) in vivo.
To test the hypothesis that there is transmural dispersion of both myofiber shortening and relaxation, we studied the time course of transmural myofiber mechanics in the left ventricular (LV) anterior wall of normal canine heart in vivo using transmurally implanted markers and biplane cineradiography with high spatiotemporal resolution.
Methods
All studies were performed according to the "Position of the American Heart Association on Research Animal Use." All protocols were approved by the Animal Subjects Committee of the University of California, San Diego, which is accredited by the American Association for Accreditation of Laboratory Animal Care. Experimental protocol. We studied adult mongrel dogs (n ϭ 14, 20 kg to 30 kg) to measure the time course of transmural myofiber mechanics in the anterior LV in vivo during normal sinus rhythm or atrial pacing with pacing wires sutured on the left atrial (LA) surface. To measure 3-dimensional (3-D) transmural myofiber mechanics, under general anesthesia and median sternotomy, 3 transmural columns of four to six 0.8-mm-diameter markers and a 1.7-mm-diameter surface marker above each column were placed within the anterior wall between the first (D 1 ) and the second diagonal branches (D 2 ) of the left anterior descending coronary artery (LAD) (Fig. 1) (13) . To provide end points for a LV long axis, 2-mm-diameter gold beads were sutured to the apical dimple (apex bead) and on the epicardium at the bifurcation of the LAD and left circumflex coronary artery (base bead). To measure transmural electrical sequence (minimum sampling rate ϭ 1 kHz), we studied a subset of 4 of the 14 dogs. For these 4 dogs, 3 pairs of bipolar plunge electrodes with terminal distance of 1 mm to 3 mm were inserted in subepicardial, midwall, and subendocardial layers of the myocardial tissue within the bead set. The transmural location of the electrodes was histologically determined after euthanasia. Each animal was positioned in a biplane radiography system, and synchronous biplane cineradiographic images (125 frames/s) of the bead markers were digitally acquired with mechanical ventilation suspended at end expiration. Left ventricular pressure, central aortic pressure, LA pressure, and surface and bipolar plunge electrocardiograms (ECG) were recorded simultaneously with the cineradiographic images. At the end of the study, the animal was euthanized with pentobarbital sodium and the heart was perfusion-fixed with 2.5% buffered glutaraldehyde at the end-diastolic pressure measured in the study (13, 14) . Because the heart was fixed at end-diastolic pressure, fiber orientations in the fixed hearts were assumed to represent the fiber structure in the end-diastolic reference configuration in vivo (13, 15, 16) . Histology. To avoid the distortional effects of dehydration and shrinkage associated with embedding, histologic measurements were obtained using freshly fixed heart tissue. In the transmural block of tissue within the implanted bead set, the mean myofiber angle was measured with reference to the positive circumferential direction and was determined from epicardium to endocardium at every 1-mm-thick section sliced parallel to the epicardial tangent plane (13, 15) . Data analysis. The time reference was defined as the peak R-wave on surface ECG for both mechanical and electrical data. The digital images from biplane X-ray were corrected for magnification and spherical distortion (13) to reconstruct the 3-D coordinates (17) of the bead markers. Continuous, nonhomogeneous transmural distributions of 3-D strains were computed for each frame as a deformed configuration with the peak R-wave on surface ECG as the reference state (15) . The strain with respect to the local fiber coordinate, or fiber strain, was calculated from the strains and histologically measured myofiber angles at each depth. The strain time course was determined at 10 transmural layers: from 0% (epicardial surface) to 90% wall depth (subendocardium) by 10% increments. By convention in continuum mechanics, a negative strain represents shortening, whereas a positive strain represents stretch. The onset of myofiber shortening at each depth was defined as the time of peak positive strain. The onset of myofiber stretch, or myofiber relaxation, at each depth was defined as the time Figure 1 Schematic Representation of the Heart
The transmural bead set was implanted between the first (D 1 ) and the second (D 2 ) diagonal branch of the left anterior descending coronary artery (LAD) to measure finite deformation of the myocardial tissue across the wall. Endo ϭ endocardium; Epi ϭ epicardium; LCx ϭ left circumflex coronary artery; LV ϭ left ventricle. of peak negative strain. Transmural dispersion of myofiber shortening (TDShort) was defined as the transmural range of the onset of myofiber shortening. Transmural dispersion of myofiber relaxation (TDRelax) was defined as the transmural range of the onset of myofiber relaxation.
We followed an established method of bipolar electrical analysis in published reports, most recently used by Sengupta et al. (18) . Briefly, the electrical activation was defined as the first peak of the derivative of QRS in the regional bipolar deflection, and the electrical repolarization was defined as the steepest terminal phase of the T-wave of the bipolar electrocardiogram ( Fig. 2) (19) . The same definition was applied when the T-wave was inverted. A strong correlation exists between the activation-recovery intervals measured from the first-order derivatives of QRS and T waves on the bipolar electrograms and the refractory periods and transmembrane action potential durations measured directly in cardiac tissues (20, 21) . Statistical analysis. Values are mean Ϯ SD. To make our study comparable to previous similar studies (9, 22) , a sample size of 14 dogs was chosen for the mechanical data, and a sample size of 4 dogs was chosen for the electrical data. One-way repeated-measures analysis of variance (RMANOVA) was used to assess the effect of wall depth on the onset of shortening, relaxation, electrical activation, and repolarization. For the mechanical data, a paired t test was used to compare the 2 transmural ends (i.e., 0% vs. 90% wall depth). For the electrical data, a paired t test was used to compare the subendocardial layer to the subepicardial layer. For both the mechanical and the electrical data, ordinary linear regression was used to obtain an unbiased estimate of the absolute value of the slope of wall depth as a function of the time from the surface ECG R-wave. Statistical significance was accepted at p Ͻ 0.05. Statistics were performed using SigmaStat 3.0 (SPSS, Inc., Chicago, Illinois).
Results
The site of fiber strain measurement was located 55 Ϯ 18% of the distance from base to apex along the LV long axis, in a region of the anterior LV free wall 1 to 2 cm septal of the anterolateral papillary muscle. Mean wall thickness at the measurement site was 12 Ϯ 3 mm. Hemodynamic parameters are summarized in Table 1 . Fiber orientation. The transmural fiber orientation (Fig. 3) was consistent among all the animals studied. The mean fiber angles ranged approximately from Ϫ60°to ϩ60°from epicardium to endocardium, respectively, resulting in a transmural gradient of approximately 120°. 
Figure 2 Bipolar Electrograms From Plunge Electrodes
Red and blue dots mark the time points of steepest portion of initial bipolar QRS waveforms and end of the T wave, respectively. Note the endocardial-toepicardial direction of depolarization, whereas no clear transmural dispersion of repolarization is observed.
Hemodynamic Parameters Values are mean Ϯ SD (n ϭ 14). dP/dt ϭ first derivative of pressure over time; dP/dt max ϭ peak positive dP/dt; dP/dt min ϭ peak negative dP/dt; LVP max ϭ maximum left ventricular pressure.
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Myofiber mechanics. The onset of myofiber shortening typically occurred earlier in endocardium than epicardium (Fig. 4) . The delay of myofiber shortening at epicardial layers resulted from a brief period of myofiber stretch (prestretch) that preceded myofiber shortening (Fig. 4A ). Myofiber shortening (Fig. 5 , open circles) started earliest at a subendocardial layer (90% wall depth, 6 Ϯ 13 ms) and was progressively delayed toward the epicardium (p Ͻ 0.001 by RMANOVA). There was a significant transmural gradient in the onset of myofiber shortening (p ϭ 0.003, 0% wall depth, 46 Ϯ 42 ms vs. 90% wall depth by the paired t test). The mean TDShort was 39 ms. Linear regression of the onset of myofiber shortening at each depth indicates that the mean propagation velocity of myofiber shortening from endocardium to epicardium was 0.25 m/s (Fig. 6 , open circles). In contrast, the onset of myofiber relaxation typically occurred earlier in epicardium than endocardium (Fig.  4C) . The onset of myofiber relaxation (Fig. 5, from epicardium to endocardium was 0.10 m/s (Fig. 7 , open squares); however, the relationship was not as linear as that for myofiber shortening. Of note, a second peak of myofiber shortening was observed at several layers in 8 animals during diastolic filling that was smaller in magnitude than the initial peak shortening. This second peak is also observed in epicardial layers (0 to 50%) in Figure 4 . Bipolar electrical recordings. There was a significant transmural gradient in electrical activation (p ϭ 0.035 by RMANOVA) (Fig. 6 ); activation at subepicardium was significantly delayed compared with that of subendocardium (p ϭ 0.029 by the paired t test). Linear regression of electrical activation indicates that the mean electrical conduction velocity from endocardium to epicardium was 0.49 m/s (Fig. 6, open triangles) . Electrical repolarization at subendocardial, midwall, and subepicardial layers was almost synchronous (227 Ϯ 38, 225 Ϯ 58, and 237 Ϯ 41 ms, respectively), and there was no significant transmural gradient (p ϭ NS by both RMANOVA and the paired t test) (Fig. 7 , closed triangles).
Discussion
Although heterogeneity of the onset of shortening and relaxation between subendocardium and subepicardium has been studied (23) (24) (25) , this is the first study to comprehensively examine the depth-dependent difference of myofiber mechanics in vivo. Our results demonstrate that myofiber mechanics are transmurally and temporally heterogeneous, and global events such as LV end-diastole and end-systole do not uniquely correlate with the regional myofiber mechanics at individual depths. Transmural sequence of electrical activation and myofiber shortening. The mean electrical conduction velocity (0.49 m/s) (Fig. 6 ) was consistent with reported values for transmural conduction velocity (26, 27) . Because the transmural propagation velocity of myofiber shortening (0.25 m/s) was slower than the electrical conduction velocity (0.49 m/s), the electromechanical delay was longer in epicardium than in endocardium. This in vivo finding is contrary to derivations from finite element simulation (28) and in vitro studies (11) . One explanation for this new observation is tissue tethering (23, 29) . Because myofibers are physically coupled, myofiber mechanics at one layer might induce complex interactions within and between the layers, alter loading conditions, and thus make epicardial myofibers shorten later than they would in vitro. Such tissue interac- 16 Transmural Dispersion of Myofiber Mechanics tions can be seen in the relationship between the fiber and cross-fiber strains at epicardial and endocardial layers (Fig. 8) .
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Overall, epicardial fiber strain (solid red line) and endocardial cross-fiber strain (broken green line) demonstrate a similar time course. Likewise, epicardial cross-fiber strain (broken red line) and endocardial fiber strain (solid green line) demonstrate a similar time course. During isovolumic periods, fiber and cross-fiber strains in the same layer were always in opposite directions. For example, during isovolumic contraction, the epicardial myocardium stretched in the fiber direction (blue arrow, solid red line), but shortened in the cross-fiber direction (orange arrow, broken red line). Similarly, during isovolumic relaxation, the endocardial myocardium shortened then stretched in the fiber direction (orange arrow, solid green line), while it stretched then shortened in the cross-fiber direction (blue arrow, broken green line). These findings are consistent with previous reports (23) (24) (25) . Previous studies imply that the transmural sequence of the fiber mechanics of the apical and the basal regions of the anterior LV may be in the opposite directions (18, 30) .
However, the piezoelectric crystal pairs in these studies were not placed directly along the fiber direction. Therefore, these studies did not specifically examine the time course of true fiber strains and are fundamentally different from our study. Transmural sequence of electrical repolarization and myofiber relaxation. We found no significant transmural gradient of electrical repolarization in the mid-anterior LV in vivo, which is consistent with earlier studies in canine (9, 19) , swine (18) , and human (10, 31, 32) . el-Sherif et al. (33) found that activation-recovery interval in canines in vivo was significantly longer at midmyocardium than epicardium and endocardium at longer cycle lengths, but transmural gradient was not significant at the range of cycle length in our study (600 to 700 ms). Of note, we found that electrical repolarization was later in subepicardium than subendocardium (Fig. 6 ), although the difference was not significant. This finding, although contradictory to in vitro reports, has been previously documented (18, 34) .
Despite lack of significant transmural gradient in electrical repolarization in vivo, our data indicate that there is a significant gradient in the onset of myofiber relaxation, which is progressively delayed in endocardial layers. This transmural sequence of myofiber relaxation is consistent with the reported data from isolated canine LV myocytes (11) . This mechanical relaxation sequence is clearly different from the electrical repolarization sequence and requires exploration of possible mechanisms. One possible explanation is that TDRelax is a direct consequence of TDRepol; that is, transmural electrical repolarization sequence has a significant impact on mechanical relaxation of the ventricle. TDRepol may exist in vivo, and the reported lack of it may simply reflect technical difficulties associated with obtaining transmural electrical measurements. For example, Van Dam and Durrer (35, 36) noted that the spatial and temporal sequence of repolarization cannot be adequately studied by measuring the steepest portion of the T-wave using either bipolar or unipolar electrodes, because repolarization occurs much more slowly and is of lower voltage than depolarization. To overcome this limitation, Spach and Barr (37) measured potential distributions in closed-chest canine in vivo and found that repolarization was earlier in epicardium than endocardium. This result was consistent with refractory period measurements of Burgess et al. (38) .
Another explanation is that TDRelax results from mechanical interactions between each myofiber and its loading conditions. Myofiber relaxation in vivo is primarily determined by the balance between the loading conditions and generated force within the myofiber during diastole; myofiber relaxation occurs when the afterload overcomes the generated force of the myofiber. The delay of endocardial relaxation may be explained by the fact that the end-systolic fiber stress is highest at endocardium (28) . Moreover, the transmural propagation velocity of myofiber relaxation was even smaller than that of myofiber shortening (0.10 vs. 0.25 m/s, respectively). This very slow transmural propagation velocity suggests that TDRelax may be of mechanical origin, rather than electrical. These possible explanations are not mutually exclusive, and both may be in effect, at least partially, to cause TDRelax in vivo. Clinical implications. The present study highlights a gap in our clinical understanding of electromechanical sequence in a normal heart, which was uncovered by recent studies on cardiac resynchronization therapy (39, 40) . Our results are consistent with recent reports presenting similar shortening-relaxation kinematics of the epicardial and endocardial layers (18, 23, 25) . Delayed onset of relaxation is routinely encountered as a physiologic phenomenon in normal humans and has been referred to as post-systolic shortening (41, 42) ; experimental studies have confirmed endocardial shortening after aortic valve closure (18) .
There has been a great clinical interest in the myocardial band hypothesis (43, 44) , which has important surgical implications. This controversial hypothesis (45) is criticized as being oversimplified and having no anatomic foundation (46) , and our anatomic data also do not fit with this hypothesis. For example, the smooth transition of myofiber orientation from epicardium to endocardium in the mid-anterior LV (Fig. 3) , which are consistent with a number of published data (13, (47) (48) (49) (50) , does not support the concept that there are discrete ascending and descending segments of the myocardial band, which would likely produce a more sudden change of transmural myofiber orientation in the midwall. Study limitations. Our measurements were restricted to the mid-anterior LV; thus, our findings may not be applicable to other LV regions. It is possible that our electrical and mechanical measurements may have been affected by anesthetics and epicardial cooling associated with openchest preparations. Some of our findings may have been affected by the damage caused by the bead implantation (51) . However, measurements from noninvasive techniques such as magnetic resonance imaging have shown similar transmural gradients in regional strains (52) ; thus, we believe that our technique does not substantially affect the local mechanics.
Conclusions
There is transmural dispersion in the onset of myofiber relaxation as well as shortening in vivo, despite lack of evidence of significant transmural gradient in electrical repolarization.
